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Abstract
Background: Transcranial direct current stimulation (tDCS) has been investigated over the years due to its short
and also long-term effects on cortical excitability and neuroplasticity. Although its mechanisms to improve motor
function are not fully understood, this technique has been suggested as an alternative therapeutic method for
motor rehabilitation, especially those with motor function deficits. When applied to the primary motor cortex, tDCS
has shown to improve motor function in healthy individuals, as well as in patients with neurological disorders.
Based on its potential effects on motor recovery, identifying optimal targets for tDCS stimulation is essential to
improve knowledge regarding neuromodulation as well as to advance the use of tDCS in clinical motor rehabilitation.
Methods and results: Therefore, this review discusses the existing evidence on the application of four different tDCS
montages to promote and enhance motor rehabilitation: (1) anodal ipsilesional and cathodal contralesional primary
motor cortex tDCS, (2) combination of central tDCS and peripheral electrical stimulation, (3) prefrontal tDCS montage
and (4) cerebellar tDCS stimulation. Although there is a significant amount of data testing primary motor cortex tDCS
for motor recovery, other targets and strategies have not been sufficiently tested. This review then presents the
potential mechanisms and available evidence of these other tDCS strategies to promote motor recovery.
Conclusions: In spite of the large amount of data showing that tDCS is a promising adjuvant tool for motor
rehabilitation, the diversity of parameters, associated with different characteristics of the clinical populations,
has generated studies with heterogeneous methodologies and controversial results. The ideal montage for
motor rehabilitation should be based on a patient-tailored approach that takes into account aspects related
to the safety of the technique and the quality of the available evidence.
Keywords: Transcranial direct current stimulation, Pain modulation, Motor rehabilitation, Non-invasive brain
stimulation
Introduction
Transcranial Direct Current Stimulation (tDCS) is a non-
invasive brain stimulation technique which delivers a con-
stant electric current over the scalp to modulate cortical
excitability [1–3]. Different montages of tDCS may induce
diverse effects on brain networks, which are directly
dependent on the electrodes positioning and polarity.
While anodal tDCS is believed to enhance cortical excit-
ability, cathodal tDCS diminishes the excitation of stimu-
lated areas, and these electrodes montages define the
polarity-specific effects of the stimulation [4–6]. Due to
the effects of tDCS on modulating cortical excitability, es-
pecially when applied to the primary motor cortex [2], this
method of brain stimulation has been intensively
investigated for motor function improvement both in
healthy subjects [7, 8] and in various neurological patholo-
gies [9, 10]. Neurological conditions that may obtain
benefits from the use of tDCS include Stroke [11–14],
Parkinson’s disease [15], Multiple Sclerosis [16, 17],
among others.
The mechanisms of action underlying the modulation
of neuronal activity induced by tDCS are still not
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completely understood. However, studies have demon-
strated that the electric current generated by tDCS inter-
feres in the resting membrane potential of neuronal
cells, which modulates spontaneous brain circuits activ-
ity [1–3]. Some studies have suggested that tDCS could
have an effect on neuronal synapsis’ strength, altering
the activity of NMDA and GABA receptors, thus trigger-
ing plasticity process, such as long-term potentiation
(LTP) and long-term depression (LTD) [18, 19]. The
long-term effects of tDCS are also thought to be associ-
ated to changes in protein synthesis and gene expression
[20, 21]. Additionally, neuroimaging study showed blood
flow changes following stimulation, which may be re-
lated to a direct effect of tDCS over blood flow, with an
increase in oxygen supply on cortical areas and subse-
quent enhancement of neuronal excitability [22]. Given
these mechanisms, tDCS seems to be a potential valu-
able tool to stimulate brain activity and plasticity follow-
ing a brain damage.
The advantages of using tDCS include its low cost,
ease of application, and safety. To date, there is no evi-
dence of severe adverse events following tDCS in healthy
individuals, as well as in patients with neurological con-
ditions, such as stroke [23, 24]. Among the potential side
effects presented after this type of stimulation, the most
common ones consist of burn sensation, itching, transi-
ent skin irritation, tingling under the electrode, head-
ache, and low intensity discomfort [25]. As serious and
irreversible side effects have not been reported, tDCS is
considered a relatively safe and tolerable strategy of non-
invasive brain stimulation.
The modifications of physiological and clinical re-
sponses induced by tDCS are extremely variable, as this
type of stimulation can induce both adaptive or maladap-
tive plastic changes, and a wide spectrum of tDCS param-
eters influence the effects of this technique. Electrodes
combination, montage and shape can easily interfere in
the enhancement or inhibition of cortical excitability [6,
26]. Other parameters that may influence these outcomes
include current intensity, current flow direction, skin
preparation, and stimulation intervals [3, 27, 28] . In
addition, in clinical populations, the heterogeneity of the
brain lesions can also influence the inconsistency in tDCS
effects [29]. Despite the goal of tDCS of modulating cor-
tical areas by using different parameters, some studies
have showed that, by altering cortical excitability, the elec-
trical field could reach subcortical structures, such as basal
ganglia, due to brain connections between cortical and
subcortical areas [30–33]. This potential effect on deeper
brain structure has supported the broad investigation of
tDCS in various disorders, even if the cortical region
under stimulating electrode is not directly linked to the
neurological condition being investigated. Indeed, the
current variable and moderate effect sizes from clinical
tDCS studies in stroke encourage researchers to test alter-
native targets to promote motor recovery in this
condition.
In this review, we discuss evidence on the application
of four different tDCS montages to promote and en-
hance motor rehabilitation: [1] anodal tDCS ipsilateral
and cathodal tDCS bilateral, [2] combination of central
and peripheral stimulation, [3] prefrontal montage and
[4] cerebellar stimulation.
Basic model: anodal ipsilesional M1 and cathodal
contralesional M1
The continuous search for the optimal placement of
tDCS electrodes has been one of the main topics dis-
cussed in research studies over the years [11, 34–36]. In
fact, one of the reasons for the lack of effectiveness in
early tDCS studies was inadequate electrode montages
which influenced the amount of significant current being
injected in cortical areas [34]. As additional elements
may also influence the efficacy of the stimulation, such
as the intensity of the current, duration and target of the
stimulation [37], as well as elements involved with phys-
iopathological aspects of a certain condition, such as
severity [35], defining the most effective stimulation pa-
rameters and how to promote changes that outlast the
stimulation period becomes fundamental. The applica-
tion of tDCS is based on the premise that a low-
intensity direct current, delivered through two elec-
trodes, can facilitate either the depolarization (anodal) or
the hyperpolarization (cathodal) of underlying brain re-
gions based on Electroencephalography (EEG) mapped
sites (e.g. Primary motor cortex – M1) [38], thus guiding
brain plasticity for the recovery of symptoms and after-
effects of neurological conditions.
Considering the variety of tDCS’ existing configura-
tions and its applicability in different fields (e.g. atten-
tion, cognition, motor recovery), it is possible to
correlate electrodes montage with the brain region that
would generate benefits and the most effective changes
when activated or inhibited [39]. For instance, when it
comes to motor recovery, that corresponding area is the
motor cortex [34]. Studies have shown that, in healthy
subjects, anodal tDCS over M1 facilitates neuronal firing
and promotes cortical excitability, which also seems to
be correlated with an increase in the motor evoked po-
tential (MEP) amplitude [39]. Cathodal tDCS, on the
other hand, inhibits neuronal excitability. In addition, a
few studies have also showed that, in healthy subjects,
bilateral stimulation promotes significant improvements
in the non-dominant hand and is also associated with a
larger effect on motor function as compared to unilat-
eral stimulation [34]. By taking these findings into a clin-
ical scenario, it is possible to assume that patients who
suffer from hemiparesis or have motor deficits after a
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stroke, for instance, could benefit from noninvasive
brain stimulation using tDCS electrodes in one of these
configurations. In fact, tDCS application in motor do-
main for stroke patients has shown to be effective in en-
hancing performance in functional tasks and muscle
force [36].
The mechanisms and neural pathways underlying the
recovery process in stroke patients is still uncertain. How-
ever, an early recovery has been associated with neuro-
plasticity, due to regenerative phenomena such as axonal
and dendritic sprouting, and brain reorganization, as ob-
served in functional magnetic studies [40, 41]. These stud-
ies have shown that, regarding stroke, there is an
increased bihemispheric activation when the affected body
part is moved, thus aligning with the idea of a brain
reorganization existence, which could represent either a
recovery or a maladaptive process [42]. The reactivation
or overactivation of certain brain areas due to maladapta-
tion after a stroke corresponds to an imbalance of inter-
hemispheric inhibition. This imbalance is a result of the
inhibition from the unaffected hemisphere (ipsilateral to
the affected hand/arm) onto the lesional hemisphere,
which interferes with the recovery process, increasing its
duration, prolonging the need of a therapy and, conse-
quently, harming life quality.
This imbalanced inhibition is the hypothesis that sup-
ports the use of tDCS as an alternative therapeutic ap-
proach for post-stroke rehabilitation, thus applying
anodal tDCS to the lesional hemisphere as to increase
its excitability, cathodal tDCS to the unaffected hemi-
sphere as to inhibit its inhibition over the affected hemi-
sphere [42], and bilateral stimulation as to achieve the
effects of both types of unilateral stimulation at the same
time. Although further research is still needed, several
studies involving stroke patients have shown that anodal
tDCS over M1 of the lesioned hemisphere can improve
motor cortex and hand motor tasks [43], especially if
conducted for 7 days, which would prolong the effects
[12]. This montage consists in placing the anode over
the M1 ipsilateral to the affected side and the cathode
over the supra orbital region contralateral to the affected
side, as shown in Fig. 1a. As a result, there is an increase
of cortical excitability in the affected hemisphere. This
rationale is the first main therapeutic strategy proposed
by the interhemispheric competition model, which states
that the unaffected motor region exerts an inhibitory ac-
tivity over the affected motor cortex, thus limiting post
stroke motor recovery [44]. Yet, several studies have also
shown performing cathodal tDCS over M1 (Fig. 1b),
which consists in placing the anode in the ipsilesional
M1 and the cathode in the contralesional M1, can im-
prove motor learning [11, 45, 46]. These studies corrob-
orate with the second therapeutic strategy proposed by
the interhemispheric competition model. It suggests that
decreasing activity in the healthy hemisphere (downreg-
ulation) using cathodal tDCS may lead to a decreased in-
hibition over the affected hemisphere due to
transcallosal inhibition [39]. Hence, facilitating motor
recovery.
Finally, bilateral stimulation consists in placing the
anode over the lesioned hemisphere and the cathode
over the healthy hemisphere, as shown if Fig. 1c. By
comparing this electrode montage with unilateral stimu-
lation, Mahmoudi et al. have observed in their study that
motor function improvements generated from bilateral
stimulation cannot be larger than by what is induced
from unilateral stimulation as subjects had similar
effects when at least one electrode placement in com-
mon was used [34]. A potential explanation is that the
second M1 electrode might not have an additive effect.
Vines at al, on the other hand, have showed that bilateral
stimulation is associated with larger effects on finger-
sequencing task with the non-dominant hand as com-
pared with unilateral stimulation [47]. In spite of having
better results related with bilateral stimulation, it is
worth mentioning that this study was conducted in
Fig. 1 Motor cortex stimulation in a scenario where the left hemisphere was lesioned. Figure a Anodal stimulation of left primary motor cortex:
anode over the left M1 and cathode over the right supraorbital region. Figure b Cathodal stimulation of right primary motor cortex: cathode over
the right M1 and anode over the left supraorbital region. Figure c Bilateral stimulation: anode over the affected hemisphere (left) and cathode
over the non-affected hemisphere (right)
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healthy subjects while the one from Mahmoudi et al.
was conducted in stroke patients. Therefore, results re-
garding the additive effects of bilateral stimulation and
its potential benefits over unilateral stimulation are still
controversial.
Although a few studies have already tested the effects
of different electrodes montages for tDCS application in
stroke patients, recent studies have shown that other as-
pects may interfere in patients’ response to M1 stimula-
tion. Some of these aspects include stroke duration
(whether it is chronic or acute), patient’s age, stroke lo-
cation and especially baseline motor function [48]. A
systematic review from Bertolucci et al. concluded that
transcallosal inhibition (TCI) as a mechanism for stimu-
lation of the contralesional hemisphere seems to depend
on baseline motor function, as data gathered mostly
from chronic patients showed that suppressing the activ-
ity of the contralesional hemisphere could be beneficial
for patients with good residual motor function and
strong TCI, but not for those with poor motor function
and weak TCI [48]. The articles included in their review
showed controversial results when it comes to the previ-
ous idea that higher activity in the contralesional hemi-
sphere after a stroke leads to greater amounts of TCI
exerted on the ipsilesional hemisphere. While a few were
in favor of this idea, others argued that there are still
better models to be proposed. Therefore, given the vari-
ation between study results, it is possible to assume that
further research is fundamental, and that baseline func-
tion and measure of TCI should be considered for pa-
tient stratification in future clinical trials.
Another aspect worth considering is how effective the
stimulation is, given the amount of current reaching the
targeted brain area. The existence of different layers
(with unique conductance) though which the current
has to pass before reaching the targeted area (e.g. skull,
meninges, cerebral spinal fluid (CSF), and ultimately the
cortex) might result in significant dispersion as a conse-
quence. In stroke patients, for instance, Wagner et al.
highlight that a number of physiologic changes occur in
the brain tissue, thus altering electric response to stimuli
[49]. These changes can be explained by an inflamma-
tory response in the infarction region which is respon-
sible for the replacement of necrotic brain tissue for
CSF. The level of replacement depends on the degree of
damage. As a result, the CSF influx represents a six-fold
increase in conductance in the infarction region and a
significant modification of both geometry and conduct-
ive matrix of the region [49]. Therefore, it is crucial to
take into account the physiological changes related with
this condition when it comes to deciding stimulation pa-
rameters and techniques.
Finally, after considering all the pros and cons of this
type of stimulation for stroke patients as well as the
aspects that might interfere with study results, it is pos-
sible to raise a question: Have researchers truly found
optimal targets and stimulation strategies for motor re-
covery so far? Although there are multiple alternatives
of stimulation targets for improving motor function, in-
trinsic mechanisms and neurophysiological effects of the
techniques still need to be explored.
Therapy combination: central and peripheral
stimulation
The treatment of chronic conditions as well as the man-
agement of its after effects have not always been easy
tasks. In fact, there are several already approved treat-
ments to improve motor recovery, especially in patients
that have suffered a stroke [50–52]. Yet, as these avail-
able treatments (pharmacotherapy and physical therapy,
for instance) are not always effective for all individuals,
somatosensory stimulation combined with brain stimula-
tion has become a possible therapeutic alternative, espe-
cially for motor recovery and pain relief. According to
different studies, the possibility to combine the effects of
central stimulation as well as peripheral stimulation, can
provide significant benefits to the patient, thus improv-
ing quality of life [52]. However, as the mechanistic as-
pects of each intervention applied separately and
concomitantly are not completely understood, further
investigation is still essential.
Peripheral stimulation
The benefits of performing peripheral stimulation have
already been widely investigated for different conditions,
such as rheumatoid arthritis (RA) [53], stroke [50–52],
chronic pain [54, 55] and others. One of the most trad-
itional techniques of peripheral stimulation is Transcuta-
neous Electrical Stimulation (TENS), a safe and non-
invasive device which aims to stimulate the nerves for
therapeutic purposes. Although its therapeutic effects
have been proven, how this device affects neural path-
ways is still not completely clear. It is suggested that this
type of electroanalgesia is produced according to the
gate control theory [56], which states that physical pain
is not a direct result of the activation of pain receptor
neurons. Instead, its perception is modulated by inter-
action between different neurons. Thus, through differ-
ent frequencies and intensities, TENS is able to modify
the interaction between neurons and consequently alter
pain perception.
In stroke patients, peripheral stimulation alone has
shown to be a promising technique to enhance swallow-
ing [57], pinch force [58], use-dependent plasticity [59],
and ADL-like tasks [60, 61]. The physiological pathway
of peripheral stimulation to modulate motor training in
subcortical stroke patients is still not entirely compre-
hended, as most of the available studies have exclusively
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measured performance right after the stimulation. None-
theless, there is evidence that the reorganizational
process induced by peripheral stimulation is different
across patients, mostly depending on the lesion brain lo-
cation (cortical or subcortical area) [62], which may ex-
plain different results showed in clinical trials.
Celnik et al. showed improvement in ADL-like activ-
ities in subcortical stroke patients when peripheral
stimulation was applied before motor training [61].
Hence, it is believed that when the stimulation is applied
to peripheral nerves of body members with low motor
function, there may exist an increase in corticomotor ex-
citability [59, 63]. In addition Hope Pan et al. showed
that peripheral stimulation in stroke subjects leads to
motor function improvement and increased corticomus-
cular coherence, a measurement of synchronization level
between EEG and electromyography [64]. There is still a
great deal to learn as to understand how peripheral
stimulation leads to motor function improvement; how-
ever, it is clear that it does modulate motor related
neural networks neuroplasticity.
Other studies, however, suggest that peripheral stimu-
lation may not be effective when it comes to modulating
neuroplasticity, and its effects are not strong enough to
reach encephalic levels [54]. Thus, in order to obtain
new and strong brain connections as to facilitate leaning
and ultimately induce a long-lasting motor recovery, the
use of TENS as a single therapeutic approach may not
be the most adequate option. As mentioned above, over
time, studies have been trying to find the best combin-
ation and application between therapies to optimize
motor recovery.
Central stimulation
When applied over a certain motor cortical area,
through different montages, tDCS is able to modulate
a response and enable cortical reorganization. Thus, it
is suggested that, by combining this type of stimula-
tion with peripheral stimuli, it would be possible to
enhance the effects of each intervention individually
and, as a consequence, achieve faster and long-lasting
results [52]. An example of the application of both
peripheral and central stimulation is represented in
Fig. 2. Additionally, as it has been proposed that
tDCS is able to alter sodium and calcium channels as
well as NDMA-receptor’s activity while peripheral
stimulation exerts more influence over GABAergic in-
terneurons and less modulations of NDMA-receptor.
Therefore, it is possible to suggest that central and
peripheral stimulation have synergistic effects in neu-
romodulations tasks and cortical excitability [52].
Several studies have shown important results regarding
the combination of central and peripheral stimulation.
For instance, Boggio et al. have proven that there was
pain relief in patients with chronic pain, especially low
back pain, with the use of tDCS and TENS [54, 55]. Al-
though, the authors described that the ideal number of
sessions is still unknown, bihemispheric tDCS in com-
bination with peripheral sensorimotor activity led to
substantial functional improvements, especially after the
first 5 days of intervention [50]. Finally, Chalah et al.
have also investigated the stimulation combination in
patients that had essential tremor, obtaining positive
results.
Therefore, although there has been a significant ad-
vance in research involving this topic, its status is still
preliminary especially in the motor recovery field. This
can be explained by the fact that most studies are pre-
liminary and have a limited sample size, thus not ac-
counting for different individual characteristics that may
alter the final results. Also, most studies investigate pa-
tients that have suffered a stroke, consequently only
dealing with the physiopathological aspects of this con-
dition. Hence, it is fundamental that researchers explore
other conditions that may also lead to motor deficits,
identifying the mechanisms involved and observing how
these patients respond to the combination between
stimulations.
Prefrontal montage for attention, cognition and
motor recovery
The effects of tDCS are directly dependent on the brain
area under stimulation and searching for an optimal tar-
get to promote motor or cognitive rehabilitation has be-
come the spotlight of recent studies. Among the current
targets under investigation, the prefrontal cortex holds
promise for this purpose due to its connectivity with
multiple brain regions, such as the primary motor cortex
and structures of the attentional system [65].
Fig. 2 Left median nerve stimulation combined with tDCS. Anodal
stimulation of the right motor cortex (C4) with the reference electrode
over the contralateral supraorbital region
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The prefrontal cortex is known to actively participate
in the control of cognitive performance, including atten-
tion and executive functions [66]. Studies on neuro-
logical and psychiatric conditions, such as Parkinson’s
Disease and Depression, have focused on investigating
the effects of anodal tDCS over the dorsolateral pre-
frontal cortex (DLPFC) due to its high connectivity with
brain domains involved with mood changes, emotion
regulation and cognition [67]. Furthermore, a recent
study of Pope et al. has suggested that anodal stimula-
tion over the left DLPFC (Fig. 3a) have a significant im-
pact on verbal working memory performance during
high demanding tasks by facilitating cognition [68]. Such
argument corroborates with another recent clinical trial
which have showed that anodal tDCS to the left DLPFC
enhances executive functions, causing no harms to
motor symptoms [69]. Although the majority of tDCS
studies focuses on stimulation effects over the left
DLPFC, there is evidence that both right and left pre-
frontal cortex have a role on cognitive functioning.
Additionally, Gbadeyan et al. provided evidence for en-
hancement of adaptive cognitive control after stimula-
tion of the left and right DLPFC, without predominance
of either hemispheres [70].
Further research is required for exploring the effects
of brain stimulation over both motor and prefrontal cor-
tex, as cognitive functions (e.g. attention and memory)
influence motor rehabilitation through complex neuro-
physiological mechanisms which are not fully compre-
hended until now. In fact, as highlighted in a review by
Rossi et al., the prefrontal cortex influences individuals’
ability to switch attentional control according to task de-
mands [71], which emphasizes its potential role in the
process of motor rehabilitation. Thanks to the develop-
ment of more sophisticated stimulation tools, it is now
possible to target different brain regions using multi-
channel montages. The stimulation of the motor and the
prefrontal cortices simultaneously has been recently
considered as a promising technique for enhancing
executive function (planning and execution). As an
example, a recent study by Dagan et al. evaluating the
effects of (a) simultaneous primary motor cortex and left
dorsolateral prefrontal cortex stimulation, (b) primary
motor cortex stimulation only, and (c) sham stimulation,
has demonstrated that combining motor and prefrontal
stimulation could reduce freezing of gait and improve
mobility in patients with Parkinson disease [72].
Although this approach still needs to be explored in
post-stroke individuals, the possible beneficial effects on
neurodegenerative and attentional disorders, especially
through the stimulation of both cognitive and motor
function brain areas, may lead to important functional
improvement for stroke rehabilitation [10].
Lateral and medial prefrontal cortex, as well as the an-
terior cingulate cortex and superior parietal lobule, seem
to be correlated with attentional state [71]. As the pre-
frontal cortex often participates in the top-down control
of attention, tDCS’ effects over this brain area may be
associated with the activation and improvement of atten-
tion tasks. Clinical trials have reported that executive at-
tention may be enhanced by 20 min anodal tDCS over
left DLPFC not only in healthy individuals, but also in
patients with fibromyalgia [17, 73]. These findings com-
plement the results of other studies in the field which
demonstrated that left DLPFC activation may contribute
to modifying attentional bias [74]. For anxious individ-
uals that suffers with biased attention, these results sup-
port an alternative therapy with tDCS for modulating
attention to threat. Furthermore, Miler et al. has pro-
vided evidence that anodal tDCS over left DLPFC facili-
tated attentional disengagement, directly influencing
emotional attention, while right DLPFC stimulation di-
minished it [75]. As the effects of tDCS to the prefrontal
cortex on attention is a relatively new scope of investiga-
tion, the exact outcome from the right and left DLPFC
stimulation is still to be fully comprehended.
The application of tDCS over the primary motor cor-
tex (M1) is a technique commonly used for augmenting
Fig. 3 Anodal stimulation of left dorsolateral prefrontal cortex (DLPFC). Figure a: reference electrode positioned over the contralateral supraorbital
region. Figure b: reference electrode positioned over the right DLPFC
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motor recovery; however, there is evidence that the
stimulation of DLPFC in conjunction with M1 (Fig. 3b)
may expand this positive effect on motor function [76].
This affirmation aligns with the results of a recent clin-
ical trial which demonstrated that the activation of both
M1 and DLPFC by anodal tDCS may increase M1 excit-
ability [77]. With that being said, it may be presumed
that DLPFC is functionally connected with M1 through
different circuits, justifying the potential of DLPFC
stimulation to contribute with motor rehabilitation. In
addition, it is suggested that anodal tDCS of M1 and
DLPFC concomitantly may provide a greater increase in
corticospinal excitability than M1 stimulation alone,
which is another evidence of DLPFC stimulation poten-
tial to expand tDCS effects on motor recovery [78]. This
tDCS application was further tested in a trial involving
motor impaired individuals after acute ischemic stroke,
indicating that M1-DLPFC stimulation also resulted in
superior motor function [76]. Despite the significant evi-
dence on the influence of prefrontal cortex activation for
motor rehabilitation, the underlying mechanisms of this
technique still need to be explored, especially in larger
and long-term clinical trials.
Cerebellar stimulation
Beside cortical areas linked to motor function, the cerebel-
lum is another sub-cortical region critical for various as-
pects of motricity, such as gait, balance and fine motor
functions. In addition to its role in motor functions, studies
have shown its implication in cognition, including motor
learning [79, 80]. Given the role of the cerebellum in vari-
ous aspects of motion, it has been recently seen as a poten-
tial target to stimulate in order to improve motor recovery
following a stroke [81]. In this condition, stimulating the
cerebellum can be used to improve its functions in case of
a lesion within this region, or, on the other hand, be used to
improve the recovery of impairments due to a supratentor-
ial stroke via the stimulation of a non-damaged area. This
second approach, is even more interesting knowing the re-
cent findings which show that, in case of severe brain le-
sions, it may be pointless to target the damaged brain area
as a partial metabolic and grey matter preservation is re-
quired for patients to clinically respond to tDCS [82]. Be-
sides, motor deficits in stroke can also be due to crossed
cerebellar diaschisis [83] as a consequence of supratentorial
ischemic stroke. As for other forms of cortical diaschisis, it
can become chronic with a prolonged reduction of blood
flow and decrease of spontaneous Purkinje cells’ activity
[84]. In this context, NIBS represent an attractive option
given its effect on both cerebral blood flow and neural spik-
ing activity [85]. For all these reasons, tDCS targeting this
brain region seems very promising to enhance motor re-
covery following a stroke. A few examples of electrode
montages are represented in Fig. 4.
Cerebellar stimulation: motor and cognitive functions
In the current literature, some studies have demon-
strated the positive impact of cerebellar tDCS on motor
and cognitive functions in healthy subjects with a rele-
vant effect size of 0.71 for motor function and 0.32 for
cognitive tasks [86, 87]. However, to date, the clinical
translation of cerebellar tDCS in a clinical population
still need to be investigated since only a few studies have
been conducted. The first study, published in 2009, in-
vestigated the effect of cerebellar tDCS on cortical excit-
ability by means of MEP [88]. The authors showed that
stimulating the cerebellum could modulate M1 excitabil-
ity via cerebello-cortical connectivity. Another study pre-
sented similar results with transcranial alternating
stimulation more recently [89]. Other behavioral studies
have shown that targeting the cerebellum could modu-
late motor learning, [88, 90–92], as well as cognitive
functions [68]. Galea and collaborators compared the ef-
fects of cerebellar and primary motor cortex anodal
stimulation on visuomotor adaptation [93]. In this clin-
ical trial, while cerebellar stimulation promoted a faster
adaptation process, M1 stimulation considerably im-
proved retention of newly learnt visuomotor transform-
ation [93]. Interestingly, these results demonstrate a
clear distinction between the process of acquisition and
retention during adaptive motor learning. In another
study, the same group evaluated the effect of cerebellar
stimulation on motor learning in older adults and found
an improvement of adaptation with a rate similar to
younger subjects [94].
Cerebellar stimulation for stroke patients
In stroke population, Zandvliet tested the effects of a
single anodal cerebellar tDCS session on standing bal-
ance in 15 patients with chronic stroke in a randomized
controlled double-blind clinical trial. During stimulation,
subjects performed a medio-lateral postural tracking task
on a force platform. 10 patients (67%) responded to the
stimulation and showed clinically relevant, even if transi-
ent, improvement of standing balance [95]. The long-
term effects of repeated sessions of cerebellar tDCS still
need to be determined. However, these preliminary find-
ings are already promising, especially given the high rate
of responders. Picelli and collaborators also evaluated
the effects of cerebellar tDCS combined with another
therapy in 20 chronic stroke patients [96]. In this
double-blind RCT, tDCS was combined with transcuta-
neous spinal direct current stimulation on robot-assisted
gait training device (5 sessions per week for two con-
secutive weeks). The authors tested both anodal and
cathodal stimulation and evaluated the effects up to 4-
week post-treatment and found a significant improve-
ment of gait for the group who received cathodal tDCS
over the contralesional cerebellar hemisphere combined
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with cathodal transcutaneous spinal direct current
stimulation; however, this effect was not maintained at 2
nor 4-week follow-ups. Once more, this result is promis-
ing even if the effects did not last over time. Nonethe-
less, it is important to stress that we cannot disentangle
tDCS from spinal cord stimulation’ effects as both active
groups received both interventions.
Besides motor function, researchers also investigated
the effects of tDCS over the cerebellum to enhance lan-
guage. A recent single-case study showed that anodal
right cerebellar tDCS could improve language treatment
in a patient with chronic bilateral middle cerebral artery
infarctions [97]. This patient received 15 sessions of
tDCS coupled with spelling therapy in a double-blind,
within-subject crossover design. Greater improvement
with tDCS than with sham, especially for untrained
words was objectified. In addition, generalization to writ-
ten picture naming was only observed during tDCS. Re-
garding functional connectivity, clinical improvements
were correlated with an increase in cerebro-cerebellar
network connectivity. These results highlight the thera-
peutic potential of cerebellar tDCS as an adjuvant to
spelling therapy in chronic stroke patients [97].
An important issue of cerebellar stimulation that
may also explain some of the mixed results is the
electrode montage. Recent studies on this type of
stimulation targeted only a specific cerebellum hemi-
sphere [98–100], while others positioned the active
electrode over both hemispheres [92, 101]. Also, the
reference electrode placement differed among studies.
Possible areas of electrodes positioning include the
right shoulder, buccinator muscle, supraorbital region
and the vertex [102]. This wide variability of elec-
trodes montages has an important impact on the
current filed and related potential clinical effects. In-
deed, these montages may induce different effects
given the distinct current distribution in the cerebel-
lum [102]. In addition, it limits the comparability of
the available studies. However, computational
modelling and clinical studies are still needed to in-
vestigate the impact of different montages on the ef-
fects of cerebellar stimulation [103].
In summary, cerebellar tDCS seems to be a promising
tool to improve both motion and cognitive functions fol-
lowing stroke. However, to date, there is a critical lack of
large sample RCT evaluating the long-term effects of
cerebellar tDCS on both motor and cognitive functions.
Discussion
Given the existence of different montages and electrodes
positioning, finding the optimal tDCS application to im-
prove motor performance is a challenging task. Regard-
ing stroke, for instance, due to pathophysiological
elements related with this condition, it has been sug-
gested by different studies that anodal and cathodal
tDCS are the ideal options as it increases neuroplasticity
and reverts maladaptive processes, which hinder motor
rehabilitation. As observed through different motor im-
provement scales and tests, tDCS combined with other
types of techniques, such as physical therapy, and stimuli
may promote even more positive results. Thus, more
studies are fundamental in order to optimize these tech-
niques and ideally validate them as alternative treat-
ments for motor recovery.
Alternative options regarding motor recovery include
Transcranial Magnetic Stimulation (TMS), pharmaco-
therapy, physical therapy and several others. Nonethe-
less, the advantages of tDCS over these methods include
the ease of use, its safety, portability [42], the non-
existing risk of addiction and especially, its long-term
effects. Nitsche and Paulus have demonstrated that the
modulating effects of both anodal and cathodal tDCS on
brain tissue outlasts the duration of the stimulation [3,
6], thus prolonging the tDCS’ therapeutic effects on
motor recovery and consequently facilitating the process
of consolidating the neuronal network due to a possible
cumulative effect after each tDCS session. On the other
hand, the variation in conductivity between physical
Fig. 4 Bilateral cerebellar hemispheres stimulation. The active electrode is placed 1 to 2 cm below the inion. Figure a: anodal stimulation of the
cerebellum with the reference electrode placed over the right shoulder. Figure b: anodal stimulation of the cerebellum with the reference electrode
placed over buccinator muscle. Figure c. anodal stimulation of cerebellum and reference electrode over Cz
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characteristics of individuals (e.g. hair, scalp and bone
composition) can interfere with the current that is car-
ried to the brain [42]. When compared with TMS, elec-
tric current induced by tDCS is not focal. Hence, it
possibly stimulates not only M1, for instance, but also
adjacent areas, consequently losing some precision.
TMS, on the contrary, is more focal, resulting in a more
specific current application. Furthermore, while TMS in-
duces an action potential, tDCS does not induce one,
but only facilitate its triggering as the constant current
fields produced by tDCS are not sufficient to promote
the fast depolarization required to induce an action po-
tential in neural membranes. Therefore, tDCS is only
able to decrease/increase the membranes’ threshold and
thus, it modulates neural excitability.
Another strategy that has been investigated, in regard
to optimizing the application of tDCS for motor recov-
ery, is the combination between tDCS and behavioral
therapies as well as the combination between tDCS and
other types of stimulation, such as peripheral stimula-
tion. Interestingly, it has been already demonstrated in
different studies that combining brain stimulation with
physical therapy or robotic therapies induce stronger ef-
fects than each intervention alone [104–106]. For the
treatment of other clinical conditions, including Major
Depressive Disorder, the combination of tDCS and be-
havioral therapies (cognitive trainings) have shown to
provide beneficial effects [107]. The use of this combin-
ation in post-stroke patients for enhancing motor re-
habilitation is still under investigation, although
researchers believe that tDCS may facilitate the effects
promoted by behavioral exercises [46].
Additionally, one of the combinations that have been
widely explored over the years, is the use of central and
peripheral stimulation concomitantly. Although there
are several techniques, the combination between tDCS
and TENS has been showing positive results among dif-
ferent studies as both interventions have been proven
effective, individually, for several conditions. Therefore,
the current challenge is how to optimize this combin-
ation, considering the duration of each stimulation, the
interval between them, the ideal number of sessions, and
other important parameters. Additionally, the real effi-
cacy of these two types of stimulation combined is still
controversial, as some studies have observed that there
may be synergistic effects between them, while others do
not show a relation. Hence, further research is crucial in
order to investigate the mechanisms underlying the ap-
plication of these types of stimulation, how effective this
combination is, as well as the possible after effects.
Stimulation of the prefrontal cortex, especially the
DLPFC, is also a scope of investigation for a wide variety
of clinical conditions. Evidence on tDCS over the pre-
frontal cortex for augmenting motor performance are
heterogeneous due to the diversity of stimulation parame-
ters and protocols. While some clinical trials have sug-
gested that the combined stimulation of M1 and DLPFC
may increment motor recovery, few studies have demon-
strated null effect of DLPFC stimulation on motor func-
tion outcomes. In fact, the mechanisms underlying
neuron connections between the prefrontal and primary
motor cortex are still insufficiently understood. Therefore,
future trials investigating the functional connectivity of
this brain regions are essential for a better comprehension
of tDCS neurophysiological effects.
A different type of stimulation that has been explored in
a few pilot studies, is the one which targets an infratentor-
ial region, the cerebellum. Given the role of this region in
fine motor movement, balance, gait, motor learning,
among others, it seems to be a valuable target to stimulate
in order to improve motor recovery following a stroke.
Preliminary findings have shown the beneficial effects of
cerebellar anodal tDCS on standing balance, while cath-
odal tDCS over the contralesional cerebellar hemisphere
has shown to improve patients’ gait. In addition to its ef-
fects on motor functions, cerebellar tDCS may also be a
valuable option to stimulate cognitive functions such as
language. Research on cerebellar tDCS in stroke is still at
its infancy, however, preliminary results are encouraging.
However, the broad variety of electrodes montages, espe-
cially regarding the reference electrode, makes it difficult
to compare exciting findings.
The stimulation techniques discussed in this review
hold potential for modulating neuron networks and en-
hancing motor rehabilitation. In spite of the divergent
results presented by clinical trials in the field, it is crucial
to highlight that stimulation effects may differ among
subjects, as individual characteristics alone may influ-
ence stimulation outcomes. Accordingly, while some
patients may present excelling response by using trad-
itional M1 techniques, other individuals experience
greater effects on motor function through combined
central and peripheral stimulation. Therefore, finding
biological and neurophysiological markers of response to
stimulation consists of a useful strategy for determining
the most adequate intervention for each individual.
Conclusion
In spite of the large amount of data showing tDCS as a
promising adjuvant tool for motor rehabilitation, further
studies are still needed. The diversity of parameters, such as
current density, number of sessions, intervals between ses-
sions and electrode montages, associated with different
characteristics of the clinical populations, has generated
studies with heterogeneous methodologies and controversial
results. Defining the montage that enhances neuronal plasti-
city and reverts maladaptive process could improve patient
care. The ideal montage for motor rehabilitation should be
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based on a patient-tailored approach that considers aspects
related to the safety of the technique in that specific popula-
tion and the quality of the available evidence.
Abbreviations
CSF: Cerebral Spinal Fluid; DLPFC: Dorsolateral Prefrontal Cortex;
EEG: Electroencephalography; LTD: Long-term Depression; LTP: Long-term
Potentiation; MEP: Motor Evoked Potential; NIBS: Non-Invasive Brain
Stimulation; RA: Rheumatoid Arthritis; RCT: Randomized Clinical Trials;
TCI: Transcallosal Inhibition; tDCS: Transcranial Direct Current Stimulation;
TENS: Transcutaneous Electrical Stimulation; TMS: Transcranial Magnetic
Stimulation
Acknowledgements
AT is a FNRS post-doctoral fellow.
Authors’ contributions
ISF, BTC, CLR, PL, AT: screened the literature and assessed the quality of the
included papers and drafted the manuscript.
FF conceived of the review, designed the search protocol and revised the
manuscript.
All authors were revising the manuscript. All authors read and approved the
final manuscript.
Funding
There is no funding associated to this review.
Availability of data and materials
Not applicable.





The authors have nothing to declare.
Author details
1Neuromodulation Center, Spaulding Rehabilitation Hospital, Harvard Medical
School, Boston, USA. 2Coma Science Group, GIGA-Consciousness, University
of Liege, Liege, Belgium. 3Neuromodulation Center, Spaulding Rehabilitation
Hospital and Massachusetts General Hospital, Department of Physical
Medicine and Rehabilitation, Harvard Medical School, 79/96 13th Street,
Charlestown, MA 02129, USA.
Received: 20 December 2018 Accepted: 28 June 2019
References
1. Liebetanz D, Nitsche M. A, Tergau F, Paulus W. pharmacological approach to
the mechanisms of transcranial DC-stimulation-induced after-effects of
human motor cortex excitability. Brain. 2002;125(Pt 10):2238–47.
2. Stagg CJ, Nitsche MA. Physiological basis of transcranial direct current
stimulation. Neuroscientist. 2014;17(1):37–53.
3. Nitsche MA, Paulus W. Sustained excitability elevations induced by
transcranial DC motor cortex stimulation in humans. Neurology. 2001;57(10):
1899–901.
4. Fritsch B, Reis J, Martinowich K, Schambra HM, Ji Y, Cohen LG, et al. Direct
current stimulation promotes BDNF-dependent synaptic plasticity: potential
implications for motor learning. Neuron. 2010;66(2):198–204.
5. Kabakov AY, Muller PA, Pascual-leone A, Jensen FE, Rotenberg A.
Contribution of axonal orientation to pathway-dependent modulation of
excitatory transmission by direct current stimulation in isolated rat
hippocampus 2012;1881–1889.
6. Nitsche MA, Paulus W. Excitability changes induced in the human motor
cortex by weak transcranial direct current stimulation. J Physiol [Internet].
2000;527(3):633–9. Available from:. https://doi.org/10.1111/j.1469-7793.2000.
t01-1-00633.x.
7. Banissy MJ, Muggleton NG. Transcranial direct current stimulation in sports
training : potential approaches 2013;7(April):2005–7.
8. Williams PS, Hoffman RL, Clark BC. Preliminary Evidence That Anodal
Transcranial Direct Current Stimulation Enhances Time to Task Failure of a
Sustained Submaximal Contraction. 2013;8(12).
9. Bastani A, Jaberzadeh S. Does anodal transcranial direct current stimulation
enhance excitability of the motor cortex and motor function in healthy
individuals and subjects with stroke: a systematic review and meta-analysis.
Clin Neurophysiol. 2012;123(4):644–57.
10. Flöel A. TDCS-enhanced motor and cognitive function in neurological
diseases. NeuroImage. 2014.
11. Fregni F, Boggio PS, Mansur CG, Wagner T, Ferreira MJL, Lima MC, et al.
Transcranial direct current stimulation of the unaffected hemisphere in
stroke patients. Neuroreport. 2005;16(14):1551–5.
12. Boggio PS, Nunes A, Rigonatti SP, Nitsche MA, Pascual-Leone A, Fregni F.
Repeated sessions of noninvasive brain DC stimulation is associated with
motor function improvement in stroke patients. Restor Neurol Neurosci.
2007;25(2):123–9.
13. Kim DY, Lim JY, Kang EK, You DS, Oh MK, Oh BM PN. Effect of Transcranial
Direct Current Stimulation on Motor Recovery in Patients with Subacute
Stroke Conclusions : 2010;879–886.
14. Di V, Dileone M, Capone F, Pellegrino G, Ranieri F, Musumeci G, et al. Immediate
and late modulation of Interhemipheric imbalance with bilateral transcranial
direct current stimulation in acute stroke. Brain Stimul. 2014;7(6):841–8.
15. Benninger DH, Lomarev M, Lopez G, Wassermann EM, Li X, Considine E, et al.
Transcranial direct current stimulation for the treatment of Parkinson ’ s disease.
16. Ferrucci R, Vergari M, Cogiamanian F, Bocci T, Ciocca M, Tomasini E, et al.
Transcranial direct current stimulation (tDCS) for fatigue in multiple sclerosis.
NeuroRehabilitation. 2014;34(1):121–7.
17. Cuypers K, Leenus DJF, Van Wijmeersch B, Thijs H, Levin O, Swinnen SP, et
al. Anodal tDCS increases corticospinal output and projection strength in
multiple sclerosis. Neurosci Lett. 2013;554:151–5.
18. Ranieri F, Podda M V, Riccardi E, Frisullo G, Dileone M, Profice P, et al.
Modulation of LTP at rat hippocampal CA3-CA1 synapses by direct current
stimulation Modulation of LTP at rat hippocampal CA3-CA1 synapses by
direct current stimulation. 2015;(January 2012):1868–80.
19. Polanía R, Paulus W, Antal A, Nitsche MA. Introducing graph theory to track
for neuroplastic alterations in the resting human brain : a transcranial direct
current stimulation study. Neuroimage. 2011;54(3):2287–96.
20. Hattori Y, Moriwaki A, Hori Y. Biphasic effects of polarizing current on
adenosine-sensitive generation of cyclic AMP in rat cerebral cortex 1990;
116:2–5.
21. Islam N, Aftabuddin M, Moriwaki A, Hattori Y, Hori Y. Increase in the calcium
level following anodal polarization in the rat brain 1995;684:206–208.
22. Zheng X, Alsop DC, Schlaug G. Effects of transcranial direct current
stimulation ( tDCS ) on human regional cerebral blood fl ow. Neuroimage.
2011;58(1):26–33.
23. Bikson AM, Grossman P, Thomas C, Louis A, Jiang J, Adnan T, et al. Safety of
transcranial Direct Current Stimulation : Evidence Based Update 2016. Brain
Stimul 2016;
24. Brunoni AR, Amadera J, Berbel B, Volz MS, Rizzerio BG, Fregni F. A
systematic review on reporting and assessment of adverse effects
associated with transcranial direct current stimulation. Int J
Neuropsychopharmacol. 2011;14(8):1133–45.
25. Poreisz C, Antal A, Paulus W. Safety aspects of transcranial direct current
stimulation concerning healthy subjects and patients 2007;72:208–214.
26. Nitsche MA, Cohen LG, Wassermann EM, Priori A, Lang N, Antal A, et al.
Transcranial direct current stimulation: State of the art 2008. Vol. 1, Brain
Stimulation. 2008. p. 206–23.
27. Redfearn JWT. The Action of brief polarizing currents on the cerebral cortex
of the rat ( I ) during from the department of physiology , University
College London electrical activity of the rat cerebral cortex , we found that
prolonged. 1964;369–382.
28. Cavaleiro P, Lomarev M, Hallett M. Modeling the current distribution during
transcranial direct current stimulation 2006;117:1623–1629.
29. Datta A, Baker JM, Bikson M. Individualized model predicts brain current
flow during transcranial direct-current stimulation treatment in responsive
stroke patient. Brain Stimul. 2011;4(3):169–74.
30. Bolzoni F, Pettersson L, Jankowska E. Evidence for long-lasting subcortical
facilitation by transcranial direct current stimulation in the cat. 2013;13:
3381–99.
Santos Ferreira et al. Journal of NeuroEngineering and Rehabilitation           (2019) 16:90 Page 10 of 12
31. DaSilva AF, Mendonca ME, Zaghi S, Lopes M, Dossantos MF, Spierings EL, et
al. tDCS-Induced Analgesia and Electrical Fields in Pain-Related Neural
Networks in Chronic Migraine. 2012;
32. Knotkova H, Nitsche MA, Cruciani RA. Putative physiological mechanisms
underlying tDCS analgesic effects. Front Hum Neurosci. 2013;7.
33. Polanía R, Paulus W, Nitsche MA. Modulating Cortico-Striatal and Thalamo-
Cortical Functional Connectivity with Transcranial Direct Current Stimulation
2011;000.
34. Mahmoudi H, Haghighi AB, Petramfar P, Jahanshahi S, Salehi Z, Fregni F.
Transcranial direct current stimulation: electrode montage in stroke. Disabil
Rehabil. 2011;33(15–16):1383–8.
35. Chelette K, Carrico C, Nichols L, Salyers E, Sawaki L. Effects of electrode
configurations in transcranial direct current stimulation after stroke. Ieee
Heal. 2014:12–7.
36. Fusco A, De Angelis D, Morone G, Maglione L, Paolucci T, Bragoni M, et al.
The ABC of tDCS: effects of anodal, bilateral and cathodal montages of
transcranial direct current stimulation in patients with stroke - a pilot study.
Stroke Res Treat. 2013;2013.
37. Giordano J, Bikson M, Kappenman ES, Clark VP, Coslett HB, Hamblin MR, et
al. Mechanisms and effects of transcranial direct current stimulation. Dose-
Response. 2017;15(1):1–22.
38. Peters HT, Edwards DJ, Wortman-Jutt S, Page SJ. Moving forward by
stimulating the brain: transcranial direct current stimulation in post-stroke
hemiparesis. Front Hum Neurosci [Internet] 2016;10(August):1–8. Available
from: https://doi.org/10.3389/fnhum.2016.00394/abstract
39. Felipe Fregni CP. A Combined Therapeutic Approach in Stroke
Rehabilitation: A Review on Non-Invasive Brain Stimulation plus




40. Loubinoux I, Carel C, Pariente J, Dechaumont S, Albucher JF, Marque P, et
al. Correlation between cerebral reorganization and motor recovery after
subcortical infarcts. Neuroimage. 2003;20(4):2166–80.
41. Nair DG, Hutchinson S, Fregni F, Alexander M, Pascual-Leone A, Schlaug G.
Imaging correlates of motor recovery from cerebral infarction and their
physiological significance in well-recovered patients. Neuroimage. 2007;
34(1):253–63.
42. Schlaug G, Renga V, Nair D. Transcranial direct current stimulation in stroke
recovery. Stroke. 2009;65(12):1571–6.
43. Hummel F, Cohen LG. Improvement of motor function with noninvasive
cortical stimulation in a patient with chronic stroke. Neurorehabil Neural
Repair. 2005;19(1):14–9.
44. Gomez Palacio Schjetnan A, Faraji J, Metz GA, Tatsuno M, Luczak A.
Transcranial direct current stimulation in stroke rehabilitation: A review of
recent advancements. Stroke Res Treat. 2013;(February).
45. Stagg CJ, Bachtiar V, O’Shea J, Allman C, Bosnell RA, Kischka U, et al. Cortical
activation changes underlying stimulation-induced behavioural gains in
chronic stroke. Brain. 2012;135(1):276–84.
46. Zimerman M, Heise KF, Hoppe J, Cohen LG, Gerloff C, Hummel FC.
Modulation of training by single-session transcranial direct current
stimulation to the intact motor cortex enhances motor skill acquisition of
the paretic hand. Stroke. 2012;43(8):2185–91.
47. Vines BW, Cerruti C, Schlaug G healthy subjects ’ non-dominant hand
compared to uni-hemisphere stimulation 2008;7:1–7.
48. Bertolucci F, Chisari C, Fregni F. The potential dual role of transcallosal
inhibition in post-stroke motor recovery. 2018;36:83–97.
49. Wagner T, Fregni F, Fecteau S, Grodzinsky A, Zahn M, Pascual-Leone A.
Transcranial direct current stimulation: a computer-based human model
study. Neuroimage. 2007;35(3):1113–24.
50. Lindenberg R, Zhu LL, Schlaug G. Combined central and peripheral
stimulation to facilitate motor recovery after stroke: the effect of number of
sessions on outcome. Neurorehabil Neural Repair. 2012;26(5):479–83.
51. Menezes IS, Cohen LG, Mello EA, Machado AG, Peckham PH, Anjos SM, et al.
Combined Brain and Peripheral Nerve Stimulation in Chronic Stroke Patients
With Moderate to Severe Motor Impairment. Neuromodulation Technol
Neural Interface [Internet]. 2017;2017:176–83. Available from: https://doi.
org/10.1111/ner.12717
52. Celnik P, Paik N, Vandermeeren Y, Dimyan M, Cohen LG. Effects of
combined peripheral nerve stimulation and brain polarization on
performance of a motor sequence; 2009.
53. Brosseau L, Ka Y, Welch V, Marchand S, Judd M, Ga W, et al. Transcutaneous
electrical nerve stimulation ( TENS ) for the treatment of rheumatoid
arthritis in the hand ( Review ). 2010;(2).
54. Hazime FA, De Freitas DG, Monteiro RL, Maretto RL, De Almeida Carvalho
NA, Hasue RH, et al. Analgesic efficacy of cerebral and peripheral electrical
stimulation in chronic nonspecific low back pain: A randomized, double-
blind, factorial clinical trial. BMC Musculoskelet Disord. 2015;16(1).
55. Boggio PS, Amancio EJ, Correa CF, Cecilio S, Valasek C, Bajwa Z, et al.
Transcranial DC stimulation coupled with TENS for the treatment of chronic
pain: a preliminary study. Clin J Pain [Internet]. 2009;25(8):691–5. Available
from:. https://doi.org/10.1097/AJP.0b013e3181af1414.
56. Melzack R, Wall PD. Pain Mechanisms : A New The (. Science (80- ). 2008;
150(3699):971–979.
57. Fraser C, Power M, Hamdy S, Rothwell J, Hobday D, Hollander I, et al.
Driving plasticity in human adult motor cortex is associated with
improved motor function after brain injury. Neuron. 2002;34(5):831–40.
58. Conforto AB, Cohen LG, K-LA. Increase in hand muscle strength of stroke
patients after somatosensory stimulation. Ann Neurol. 2002;51(1):122.
59. Sawaki L, Wu CWH, Kaelin-Lang A, Cohen LG. Effects of somatosensory stimulation
on use-dependent plasticity in chronic stroke. Stroke. 2006;37(1):246–7.
60. Conforto AB, Cohen LG, Dos Santos RL, Scaff M, Marie SKN. Effects of
somatosensory stimulation on motor function in chronic cortico-subcortical
strokes. J Neurol. 2007;254(3):333–9.
61. Celnik P, Hummel F, Harris-Love M, Wolk R, Cohen LG. Somatosensory
stimulation enhances the effects of training functional hand tasks in
patients with chronic stroke. Arch Phys Med Rehabil. 2007;88(11):1369–76.
62. Luft AR, Waller S, Forrester L, Smith GV, Whitall J, Macko RF, et al. Lesion
location alters brain activation in chronically impaired stroke survivors.
Neuroimage. 2004;21(3):924–35.
63. Wu CW, Seo HJ, Cohen LG. Influence of electric somatosensory stimulation on
paretic-hand function in chronic stroke. Arch Phys Med Rehabil. 2006;87(3):351–7.
64. Pan LLH, Yang WW, Kao CL, Tsai MW, Wei SH, Fregni F, et al. Effects of 8-
week sensory electrical stimulation combined with motor training on EEG-
EMG coherence and motor function in individuals with stroke. Sci Rep.
2018;8(1):1–10.
65. Dedoncker J, Brunoni AR, Baeken C, Vanderhasselt MA. A systematic review
and meta-analysis of the effects of transcranial direct current stimulation
(tDCS) over the dorsolateral prefrontal cortex in healthy and
neuropsychiatric samples: influence of stimulation parameters. Brain Stimul.
2016;9(4):501–17.
66. Keeser D, Meindl T, Bor J, Palm U, Pogarell O, Mulert C, et al. Prefrontal
Transcranial Direct Current Stimulation Changes Connectivity of Resting-
State Networks during fMRI 2011;31(43):15284–15293.
67. Wörsching J, Padberg F, Ertl-Wagner B, Kumpf U, Kirsch B, Keeser D.
Imaging transcranial direct current stimulation (tDCS) of the prefrontal
cortex—correlation or causality in stimulation-mediated effects? Vol. 69,
Neuroscience and Biobehavioral Reviews. 2016. p. 333–56.
68. Pope PA, Miall RC. Task-specific facilitation of cognition by cathodal
transcranial direct current stimulation of the cerebellum. Brain Stimul. 2012;
69. Doruk D, Gray Z, Bravo GL, Pascual-leone A, Fregni F. Effects of tDCS on
executive function in Parkinson’s disease. Neurosci Lett. 2014.
70. Gbadeyan XO, Mcmahon XK, Steinhauser XM, Meinzer M. Stimulation of
Dorsolateral Prefrontal Cortex Enhances Adaptive Cognitive Control : A
High-Definition Transcranial Direct Current Stimulation Study 2016;36(50):
12530–12536.
71. Rossi AF, Pessoa L, Desimone R, Ungerleider LG. The prefrontal cortex and
the executive control of attention 2009;489–497.
72. Dagan M, Herman T, Harrison R, Zhou J, Giladi N, Ruffini G, et al. Multitarget
transcranial direct current stimulation for freezing of gait in Parkinson’s
disease. Mov Disord. 2018.
73. Miler JA, Meron D, Mrcpsych DM, Baldwin DS, Frcpsych MADM, Garner M.
The Effect of Prefrontal Transcranial Direct Current Stimulation on Attention
Network Function in Healthy Volunteers 2017;2017.
74. Clarke PJF, Browning M, Hammond G, Notebaert L, Macleod C. The causal
role of the dorsolateral prefrontal cortex. Biol Psychiatry. 2014;76(12):946–52.
75. Sanchez-lopez A. Neurocognitive mechanisms behind emotional attention :
inverse effects of anodal tDCS over the left and right DLPFC on gaze
disengagement from emotional faces. 2018;
76. Oveisgharan S, Organji H, Ghorbani A. Enhancement of motor recovery
through left dorsolateral prefrontal cortex stimulation after acute ischemic
stroke. J Stroke Cerebrovasc Dis. 2018;27(1):185–91.
Santos Ferreira et al. Journal of NeuroEngineering and Rehabilitation           (2019) 16:90 Page 11 of 12
77. Vaseghi B, Zoghi M, Jaberzadeh S. How does anodal transcranial direct
current stimulation of the pain neuromatrix affect brain excitability and pain
perception? A randomised, double-blind, sham-control study. PLoS One.
2015;10(3):1–21.
78. Vaseghi B, Zoghi M, Jaberzadeh S. The effects of anodal-tDCS on
corticospinal excitability enhancement and its after-effects : conventional vs
. unihemispheric concurrent dual-site stimulation. 2015;9(September):1–13.
79. Bastian AJ. Moving, sensing and learning with cerebellar damage. Curr Opin
Neurobiol. 2011.
80. Buckner RL. The cerebellum and cognitive function: 25 years of insight from
anatomy and neuroimaging. Neuron. 2013.
81. Wessel MJ, Hummel FC. Non-invasive cerebellar stimulation: a promising
approach for stroke recovery? Cerebellum. 2018.
82. Thibaut A, Di Perri C, Chatelle C, Bruno M-A, Bahri MA, Wannez S, et al.
Clinical response to tDCS depends on residual brain metabolism and Grey
matter integrity in patients with minimally conscious state. Brain Stimul.
2015 Jan;8(6):1116–23.
83. Baron JC, Bousser MG, Comar D, Soussaline F, Castaigne P. Noninvasive
tomographic study of cerebral blood flow and oxygen metabolism in vivo
potentials, limitations, and clinical applications in cerebral ischemic
disorders. Eur Neurol. 1981.
84. Gold L, Lauritzen M. Neuronal deactivation explains decreased cerebellar
blood flow in response to focal cerebral ischemia or suppressed neocortical
function. Proc Natl Acad Sci U S A. 2002 May;99(11):7699–704.
85. Bindman LJ, Lippold OCJ, JWT R. Long-lasting changes in the level of the
electrical activity of the cerebral cortex produced by polarizing currents.
Nature. 1962.
86. Oldrati V, Schutter DJLG. Targeting the human cerebellum with transcranial
direct current stimulation to modulate behavior: a meta-analysis.
Cerebellum. 2017.
87. Lang N, Siebner HR, Ward NS, Lee L, Nitsche MA, Paulus W, et al. How does
transcranial DC stimulation of the primary motor cortex alter regional
neuronal activity in the human brain? Eur J Neurosci. 2005/07/28. 2005;
22(2):495–504.
88. Galea JM, Jayaram G, Ajagbe L, Celnik P. Modulation of cerebellar
excitability by polarity-specific noninvasive direct current stimulation. J
Neurosci. 2009/07/17. 2009;29(28):9115–9122.
89. Naro A, Bramanti A, Leo A, Manuli A, Sciarrone F, Russo M, et al. Effects of
cerebellar transcranial alternating current stimulation on motor cortex
excitability and motor function. Brain Struct Funct. 2017.
90. Cantarero G, Spampinato D, Reis J, Ajagbe L, Thompson T, Kulkarni K, et al.
Cerebellar direct current stimulation enhances on-line motor skill acquisition
through an effect on accuracy. J Neurosci. 2015.
91. Wessel MJ, Zimerman M, Timmermann JE, Heise KF, Gerloff C, Hummel FC.
Enhancing consolidation of a new temporal motor skill by cerebellar
noninvasive stimulation. Cereb Cortex. 2016;26(4):1660–7.
92. Ferrucci R, Brunoni AR, Parazzini M, Vergari M, Rossi E, Fumagalli M, et al.
Modulating human procedural learning by cerebellar transcranial direct
current stimulation. Cerebellum. 2013.
93. Galea JM, Vazquez A, Pasricha N, Orban De Xivry JJ, Celnik P. Dissociating
the roles of the cerebellum and motor cortex during adaptive learning: the
motor cortex retains what the cerebellum learns. Cereb Cortex. 2011;21(8):
1761–70.
94. Hardwick RM, Celnik PA. Cerebellar direct current stimulation enhances
motor learning in older adults. Neurobiology of Aging. 2014;35.
95. Zandvliet SB, Meskers CGM, Kwakkel G, van Wegen EEH. Short-Term Effects
of Cerebellar tDCS on Standing Balance Performance in Patients with
Chronic Stroke and Healthy Age-Matched Elderly. Cerebellum. 2018;
96. Picelli A, Chemello E, Castellazzi P, Roncari L, Waldner A, Saltuari L, et al.
Combined effects of transcranial direct current stimulation (tDCS) and
transcutaneous spinal direct current stimulation (tsDCS) on robot-assisted
gait training in patients with chronic stroke: a pilot, double blind,
randomized controlled trial. Restor Neurol Neurosci. 2015.
97. Sebastian R, Saxena S, Tsapkini K, Faria AV, Long C, Wright A, et al.
Cerebellar tDCS: a novel approach to augment language treatment post-
stroke. Front Hum Neurosci. 2017.
98. Zuchowski ML, Timmann D, Gerwig M. Acquisition of conditioned eyeblink
responses is modulated by cerebellar tDCS. Brain Stimul. 2014;7(4):525–31.
99. Herzfeld DJ, Pastor D, Haith AM, Rossetti Y, Shadmehr R, O’Shea J.
Contributions of the cerebellum and the motor cortex to acquisition and
retention of motor memories. Neuroimage. 2014;98:147–58.
100. Chen J-C, Haemmerer D, D’Ostilio K, Casula EP, Marshall L, Tsai C-H, et al.
Bi-directional modulation of somatosensory mismatch negativity with
transcranial direct current stimulation: an event related potential study. J
Physiol. 2014;592(4):745–57.
101. Ferrucci R, Giannicola G, Rosa M, Fumagalli M, Boggio PS, Hallett M, et al.
Cerebellum and processing of negative facial emotions: cerebellar
transcranial DC stimulation specifically enhances the emotional recognition
of facial anger and sadness. Cogn Emot. 2012;26(5):786–99.
102. Rampersad SM, Janssen AM, Lucka F, Aydin Ü, Lanfer B, Lew S, et al.
Simulating transcranial direct current stimulation with a detailed anisotropic
human head model. IEEE trans neural Syst Rehabil Eng [internet]. 2014;22:
441–52. Available from: http://www.ncbi.nlm.nih.gov/pubmed/24760939.
103. Priori A, Ciocca M, Parazzini M, Vergari M, Ferrucci R. Transcranial cerebellar
direct current stimulation and transcutaneous spinal cord direct current
stimulation as innovative tools for neuroscientists. J Physiol. 2014;592(16):
3345–69.
104. Inamura T, Unenaka S, Shibuya S, Ohki Y, Oouchida Y, Izumi SI.
Development of VR platform for cloud-based neurorehabilitation and its
application to research on sense of agency and ownership. Adv Robot.
2017;31(1–2):97–106.
105. Soler MD, Kumru H, Pelayo R, Vidal J, Tormos JM, Fregni F, et al.
Effectiveness of transcranial direct current stimulation and visual illusion on
neuropathic pain in spinal cord injury. Brain. 2010;133(9):2565–77.
106. Klomjai W, Aneksan B, Pheungphrarattanatrai A, Chantanachai T, Choowong
N, Bunleukhet S, et al. Effect of single-session dual-tDCS before physical
therapy on lower-limb performance in sub-acute stroke patients: a
randomized sham-controlled crossover study. Ann Phys Rehabil Med. 2018.
107. Bajbouj M, Aust S, Spies J, Herrera-Melendez AL, Mayer SV, Peters M, et al.
PsychotherapyPlus: augmentation of cognitive behavioral therapy (CBT)
with prefrontal transcranial direct current stimulation (tDCS) in major
depressive disorder—study design and methodology of a multicenter
double-blind randomized placebo-controlled tria. Eur Arch Psychiatry Clin
Neurosci. 2018.
Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Santos Ferreira et al. Journal of NeuroEngineering and Rehabilitation           (2019) 16:90 Page 12 of 12
